Objective: To determine whether exercise augments the improvements in fractional synthetic rate (FSR) of albumin observed with nutrition alone. Design: Randomized crossover study. Each patient randomly participated in two protein metabolism kinetic studies using primed-constant infusion of ( 13 C) leucine 2 h before, during and 2 h after hemodialysis. Plasma enrichments of ( 13 C) leucine and ( 13 C) ketoisocaproate were examined to determine the FSR of albumin. 
Introduction
Chronic hemodialysis (CHD) patients suffer from muscle wasting and decreased visceral protein stores, which significantly impacts their death and hospitalization (USRDS, 1999) . We have shown that intra-dialytic parenteral nutrition (IDPN) reverses hemodialysis (HD)-induced catabolism Pupim et al., 2002) , including the fractional synthetic rate (FSR) of albumin (Pupim et al., 2004a) , a direct estimate of acute changes in hepatic albumin synthesis (De Feo et al., 1991; Barazzoni et al., 1999; Ahlman et al., 2001) . As the beneficial effects of IDPN on somatic protein stores are further augmented by the addition of exercise (Pupim et al., 2004b) , we hypothesized that exercise performance combined with IDPN during a single HD treatment would lead to a more profound increase in albumin FSR compared to what is observed with IDPN alone.
Subjects and methods
Analyses were conducted as part of a study from which data on whole body and muscle protein homeostasis have already been reported (Pupim et al., 2004b) . Out of the six subjects previously recruited (Pupim et al., 2004b) , five (46719 years old, four males, four blacks) had information on FSR available for analysis and were included in this study. Inclusion criteria consisted of patients on a thrice-weekly CHD program for more than 6 months, using a biocompatible hemodialysis membrane (Fresenius F80) and an adequate dose of dialysis (single pool Kt/V41.4). Patients with active infectious or inflammatory disease, liver failure of any cause, hospitalized within 3 months before the study, with recirculation in the vascular access and/or vascular access blood flow less than 750 ml/min detected on the arterioveous (AV) shunt, and those receiving steroids and/or immunosuppressive agents were excluded. Detailed design and methods, including IDPN administration and blood sampling can be found elsewhere (Pupim et al., 2004b) .
Within a week before each study patients were brought to the General Clinical Research Center to estimate the workload required to achieve their maximal heart rate, and to test the subject's ability to sustain exercise at 40% of this level for 15 min (Wasserman, 1999) . Heart rate and blood pressure were monitored while the patients pedaled on a recumbent stationary cycle (Ergonomics 800, Ergolin, Bandhagen, Sweden) with incremental ( þ 10 W/min) changes in workload until the maximal heart rate was attained. Subsequently, heart rate, blood pressure, oxygen consumption (VO 2 ), carbon dioxide production (VCO 2 ), energy expenditure and respiratory quotient (RQ) were monitored as the subjects cycled at 40% of the maximal heart rate for 15 min. Patients who were not able to tolerate this workload were excluded from the study (Wasserman, 1999) .
Each randomly assigned metabolic study (IDPN or IDPN þ exercise) consisted of a pre-HD phase (a 2-h equilibration phase followed by a 0.5-h basal sampling phase), a 4-h dialysis phase and a 2-h post-HD phase. At the start of each pre-HD phase, subjects received a bolus injection of NaH 13 CO 3 (0.12 mg/kg) and L-(1-13 C) leucine (7.2 mmol/kg) to prime the CO 2 and leucine pools, respectively. A continuous infusion of leucine (0.12 mmol/kg/min) isotope was then started and continued throughout the remainder of the study. Albumin FSR determination was performed by analysis of plasma enrichments of ( 13 C) leucine and ( 13 C)ketoisocaproate (KIC), as explained previously Pupim et al., 2002) , and calculated by the following formula, expressed in % per day:
KIC me was calculated by determining the average KIC enrichment for the time points of each period. The change in albumin enrichment was calculated by subtracting the isotopic enrichment of leucine bound to albumin at the start of each period (P se ) from the enrichment of leucine bound to albumin at the end of each period (P fe ). This change in product enrichment was divided by time (t) using the units of day.
Statistical analysis
Variables were averaged for each phase (pre, during and post-HD). Comparisons between continuous variables in each protocol were performed by using the Wilcoxon signed-rank test. Changes over time were assessed using a repeatedmeasures analysis of variance.
Results
Biochemical nutritional markers were not different between study protocols (data not shown). Body composition characteristics of the study subjects included body weight of 81716 kg, body mass index of 27.274.3 kg/cm 2 and fat mass (by dual X-ray absorptiometry) of 27.7711.8%. Table 1 shows components of albumin FSR, as well as whole-body protein synthesis (WBPS), and plasma insulin for each study period and protocols for descriptive purposes. At baseline, there were no significant differences in albumin FSR, WBPS, and insulin concentrations between the two study protocols. WBPS and insulin concentrations increased during the HD phase and trended towards pre-HD levels in the post-HD phase, in a similar degree in both protocols, with no statistically significant differences between study protocols at each separate phase (Table 1) . During HD, albumin FSR increased in both protocols although at a significantly greater extent in the protocol with exercise, as compared to IDPN alone. In the post-dialysis phase, albumin FSR did not change in the IDPN protocol relative to the dialysis-phase, remaining elevated compared to baseline. In the protocol with exercise and IDPN, albumin FSR displayed a nonsignificant decrease compared to during HD but remained significantly elevated compared to baseline. There were no significant differences in albumin FSR in the post-HD phase between the two protocols (Figure 1 ).
Discussion
The results of this study indicate that exercise augments the observed improvement in albumin FSR with IDPN. To our knowledge, this is the first study to show a direct beneficial effect of exercise combined with adequate nutritional supplementation on the most prominent visceral protein in the acute setting of hemodialysis.
Serum concentration of albumin is determined by its synthesis, breakdown, losses, volume of distribution and exchange between intra-and extravascular spaces (Klein, 1990; Jeejeebhoy, 1998) . Nutritional supplementation has been shown to optimize anabolic activity of the liver to synthesize albumin in healthy subjects, possibly owing to increases in circulating insulin, which positively modulates albumin FSR (De Feo et al., 1992) . Exercise is a potential treatment for wasting syndromes as it directs more nutrients toward muscle tissues and induces a greater sensitivity and responsiveness to metabolic events regulated by insulin compared with nutrient administration alone (Wasserman et al., 1991) . Although the effects of exercise on muscle protein stores have been an area of focus, its potential effects of visceral protein stores have not been studied in detail, especially in CHD patients.
In addition to its robust relationship to clinical outcome as a surrogate nutritional marker, albumin has important biological properties. Albumin is the major protein carrier in the plasma and acts as a buffer pool to stabilize plasma concentrations of calcium, tryptophan and metabolic hormones. The nutritive function of albumin arises from its availability to cells as a source of amino acids. It is one of the few intracellular proteins with a free thiol group and has significant antioxidant capacity with important implications in CHD patients (Danielski et al., 2003) .
Overall, the reported beneficial effects of exercise on albumin FSR has important clinical implications, albeit our experiments are in the acute setting and do not necessarily reflect the absolute changes in serum albumin concentrations. In addition, our study population is well nourished and without evidence of inflammation. The response to nutritional interventions in malnourished and inflamed patients might be different. Although we have not studied the effects of exercise alone on the albumin FSR, such an intervention has been shown to have very limited protein anabolic effect and that adequate substrate availability (i.e. amino acids) is critical for exercise to be effective. Given the small sample size, caution should be taken in extrapolating these data to the general dialysis population until more comprehensive studies are conducted in a larger dialysis population. Further research is required to determine the mechanism(s) by which exercise enhances the anabolic effects of IDPN and to examine whether these acute changes will translate into discernable beneficial effects in the longterm. 
